Drosophila oogenesis provides a useful system to study signal transduction pathways and their interactions. Through clonal analysis, we found that brinker (brk), a repressor of Dpp signaling, plays an important role in the Drosophila ovary, where its function is essential for dorsal appendage formation. In the absence of brk, operculum fates are specified at the expense of dorsal appendage fates. Brk is expressed by most of the oocyte associated follicle cells, starting from stage 8 of oogenesis. Transforming Growth Factor b (TGFb) signaling represses brk expression in both the early stage egg chambers and in the anterior follicle cells. In brk mutant follicle cell clones at the dorsal anterior region, Broad Complex (BR-C) expression is down-regulated in a larger domain than in wild type. We show that BR-C is required for dorsal appendage development. In large anterior BR-C mutant clones, dorsal appendages are absent, and instead, the eggshell has an enlarged operculum like region at the anterior. In addition, we show that the Epidermal Growth Factor (EGF) receptor signaling represses the TGFb signaling in oogenesis by up-regulating brk expression. From our results and previously published data, it appears that anterior follicle cells integrate the levels of EGF receptor activation and TGFb receptor activation. Operculum fate results when the sum of the level of activation of both pathways reaches a threshold level, and reduction of activity of one pathway can be compensated to some extent by increase in the other pathway. q
Introduction
In multi-cellular organisms, patterning events are often initiated by cell-cell communication. Signal transduction has been shown to control cell proliferation, cell fate determination and cell death (Holbro and Hynes, 2004; Massague, 1998; Mosesson and Yarden, 2004) . Throughout development, a cell receives many signals from its surroundings. The outputs are determined in a temporal and tissue specific manner. Signal transduction pathways can be integrated at several different levels. The activation of one pathway may affect the activity of a mediator or regulator of the other pathway. Signal transduction pathways can also be integrated at the level of target gene promoters (Lutz and Knaus, 2002; Prehoda and Lim, 2002) .
Several major signaling pathways function in the Drosophila female to pattern the egg, making Drosophila oogenesis an excellent system to study signal transduction pathways and their interactions (Dobens and Raftery, 1998; McGregor et al., 2002; Nilson and Schupbach, 1999; Suzanne et al., 2001; Torres et al., 2003) . The Drosophila egg is a highly polarized structure. Pattern in the eggshell reflects the underlying patterning of the follicle cells, which secrete the chorion (Spradling, 1993) . In wild type eggshells, the micropyle is formed at the extreme anterior end to allow sperm entry. On the dorsal-anterior side of the egg, there are two characteristic respiratory appendages. Between the micropyle and the dorsal appendages, a specialized structure, the operculum, allows the larva to hatch from the eggshell (Margaritis et al., 1980) . Two signaling pathways have been shown to operate in the follicle cell layer to pattern the eggshell, the Epidermal Growth Factor (EGF) receptor pathway and the transforming growth factor b (TGFb) signaling pathway (Deng and Bownes, 1997; Dobens and Raftery, 1998; Peri and Roth, 2000; Price et al., 1989; Twombly et al., 1996) . The EGF receptor pathway sets up both the anterior-posterior and the dorsal-ventral axes. Gurken (grk), a TGFa like ligand of the EGF receptor, is secreted by the oocyte in a spatially restricted manner (Gonzalez-Reyes et al., 1995; Neuman-Silberberg and Schupbach, 1993; Neuman-Silberberg and Schupbach, 1996; Roth et al., 1995) . The correct level of EGF receptor activation is required for the normal development of the embryo (Neuman-Silberberg and Schupbach, 1994; Queenan et al., 1997) . Therefore, this signaling pathway is tightly controlled at many levels. In the germline, the localization and translation of grk transcripts is highly regulated (Goodrich et al., 2004) . In the follicle cells, the EGF receptor pathway is controlled by several inhibitors, such as kekkon, sprouty and Dcbl (Ghiglione et al., 1999; Pai et al., 2000; Reich et al., 1999) .
Decapentaplegic (Dpp) is the major ligand for the TGFb signaling pathway in Drosophila (Padgett et al., 1987) . Dpp signals through type I and type II receptors, which in turn, transduce the signal into the nucleus through the receptor regulated Smad (R-Smad, Mothers against dpp, or Mad) and the common-mediator Smad (co-Smad, Medea). Inside the nucleus, Smad proteins mediate transcriptional activation or repression of many target genes (Dobens and Raftery, 1998; Kretzschmar and Massague, 1998; Massague, 1998; Shi and Massague, 2003) . The level of Dpp signaling is controlled by a group of genes, including the chordin family proteins, the inhibitory Smads and the Smurf family ubiquitin ligases (Attisano and Wrana, 2002; Mehra and Wrana, 2002; Moustakas et al., 2001; Mullins, 1998; Park, 2005) . The Drosophila gene brinker (brk), representing a unique model of transcriptional repression of TGFb signaling, has been shown to function in both embryonic and larval development (Bray, 1999; Campbell and Tomlinson, 1999; Jazwinska et al., 1999a; Minami et al., 1999) . In the Drosophila ovary, beginning at stage 8 of oogenesis, Dpp is expressed in the anterior 20 to 30 follicle cells. Later in oogenesis, Dpp is detected in all anterior follicle cells, namely, the stretched cells, the border cells, and the centripetally migrating follicle cells. Dpp protein appears to form an anterior to posterior gradient in the oocyte associated follicle cells (Dobens et al., 2000; Twombly et al., 1996) .
In a stage 9 egg chamber, Grk protein forms a dorsal-ventral gradient, while Dpp protein forms an anterior-posterior gradient. These two gradients specify the fate of the oocyte associated follicle cells at the anterior end of the egg chamber. Both pathways are involved in dorsal appendage formation, and the expression of many genes is affected by both pathways (Deng and Bownes, 1997; Dobens et al., 2000; Jordan et al., 2005; Peri and Roth, 2000; Suzanne et al., 2001) . Mislocalization of Grk protein, such as in Squid and fs(1)K10 background, leads to an expansion of dorsal appendage fate at the anterior circumference (for review see Nilson and Schupbach, 1999) . Ectopic expression of an activated form of EGF receptor at low levels in the follicle cell layer also results in this phenotype. However, ectopic expression of the activated EGF receptor at higher level leads to operculum like imprint all along the anterior, suggesting that a higher level of EGF receptor activation promotes operculum fate (Queenan et al., 1997) . Over-expression of Dpp in the follicle cell layer leads to an enlarged operculum at the expense of the dorsal appendage fate (Dobens et al., 2000; Twombly et al., 1996) .
In a follicle cell mosaic screen, we identified brk as a gene required for eggshell patterning. When brk is absent, dorsal appendages are not formed normally. We found that as in other developmental contexts, Dpp signaling represses brk expression. In brk mutant clones, late stage Broad Complex expression is affected, but surprisingly, the expression pattern of a Dad-lacZ enhancer trap appears unchanged. We show that the EGF receptor pathway also affects brk expression, and we will discuss the genetic requirements for operculum formation.
Results

Brinker is required for dorsal appendage formation
In order to identify genes involved in follicle cell development and differentiation during Drosophila oogenesis, we performed a mosaic screen on the X chromosome (Duffy et al., 1998; Pai et al., 2000) . In this screen, we identified one lethal line, CA54, in which the induction of mutant follicle cell clones resulted in eggs with an enlarged operculum and reduced dorsal appendages (Fig. 1B) . The phenotype appears to be autonomous, since eggs with one normal dorsal appendage and one missing appendage were also observed (Fig. 1C ). This phenotype is reminiscent of over-expression of dpp in the follicle cell layer (Twombly et al., 1996) . We tested this mutant line for complementation against known Dpp repressors on the X chromosome, and found that CA54 failed to complement M68, a mutant allele of brinker (brk) (Jazwinska et al., 1999a) . We sequenced the CA54 allele, and identified a nonsense mutation in the N terminus of the Brk protein after the 82nd amino acid. We also recombined brk M68 onto an FRT 19A chromosome, and induced follicle cell clones. brk M68 mutant follicle cell clones gave the same phenotype as CA54 (data not shown). These results show that CA54 is a new allele of brinker, and that brinker plays an important role in dorsal appendage formation.
Brinker is a transcriptional repressor of the Dpp signaling pathway (Campbell and Tomlinson, 1999; Jazwinska et al., 1999a,b; Minami et al., 1999) . Brinker protein has been proposed to compete with Mad for target gene promoter binding (Kirkpatrick et al., 2001; Rushlow et al., 2001; Saller and Bienz, 2001) . Brinker may also recruit other co-repressors to help repress Dpp target gene expression (Hasson et al., 2001; Saller and Bienz, 2001; Winter and Campbell, 2004; Zhang et al., 2001) .
To examine the expression pattern of brk in oogenesis, we performed RNA in situ hybridization on wild type ovaries using an anti-sense RNA probe. Beginning at stage 8, brk is expressed by most of the follicle cells covering the oocyte. At stage 10, brk transcript is detected in all of the oocyte associated follicle cells except for two to four rows of cells directly neighboring the centripetally migrating cells (Fig. 2B) . Brk transcript is not detected in the follicle cells in the early stage egg chambers, nor is it detected in the anterior cell populations, i.e. the stretched cells over the nurse cells, the border cells and the centripetally migrating cells, although expression is apparent in the germline ( Fig. 2A, B) . The same pattern of expression in the follicle cells is also observed with the brk-lacZ enhancer trap ( Fig. 2C-H ). This enhancer trap has been shown to closely represent wild type brk expression in late stage embryos and in larval imaginal discs (Muller et al., 2003) , and we subsequently used it to monitor brk expression in the ovaries.
Dpp represses brinker expression
In mid oogenesis, dpp is expressed by the anterior follicle cells (Twombly et al., 1996) . Downstream markers for the TGFb signaling pathway, such as phosphorylated Smad and Daughters against dpp (dad) enhancer trap, are also expressed in those cells (Dobens et al., 2000; Gupta and Schupbach, 2003) (Fig. 2C,F ; and data not shown). The expression pattern of brk is complementary to that of dpp. This result suggests that as in the wing imaginal disc and in the embryo, Dpp may repress brk expression in the ovary, leading to the formation of two complementary gradients (Muller et al., 2003) . There are several dpp response elements in the brk regulatory region. Mad, and Medea, which are the Dpp signaling transducers, and the zinc finger protein Schnurri form a complex on the Dpp response elements of brk. This complex is believed to mediate the transcriptional repression (Muller et al., 2003; Pyrowolakis et al., 2004) . To examine the effects of dpp signaling on brk expression in oogenesis, we used Actin-flip-out-Gal4 (Pignoni and Zipursky, 1997) to drive ectopic Dpp expression in the female follicle cell layer (Fig. 3A-C) . As in other systems, we observed that Dpp signaling represses brk expression. To assess the components involved in this repression, we induced follicle cell clones of Mad. Follicle cells homozygous mutant for Mad 12 ectopically turn on brk enhancer trap expression in the anterior cells (stretched cells, border cells and centripetally migrating cells), which normally show no brk expression ( Fig. 3D-F and data not shown). We observed similar ectopic expression in follicle cell clones mutant for schnurri (shn) (data not shown) and the type II receptor, punt ( Fig. 3G-I) .
Surprisingly, in follicle cell clones mutant for Mad, shn or punt, ectopic expression of the brk enhancer trap is also observed in early stage egg chambers (before stage 8) (Fig. 3J -L and data not shown). This indicates that in early egg chambers, brk expression is actively repressed by some form of TGFb signaling, although no ligand has been identified to be expressed close to those cells, nor did we observe any marker for TGFb signaling, such as phosphorylated Smad or Dad-lacZ, expressed in those cells (data not shown).
To address the question whether brk functions as a target of Dpp in operculum formation, we induced brk CA54 clones in a dad over-expression background (see Section 4 for details). Females over-expressing dad in their follicle cell layer laid very few eggs, the majority of which have a reduced operculum (data not shown). When we induced brk clones in this background, females laid more eggs (approximately four times as many as flies without the clones under the same conditions). Some of these eggs showed an enlarged operculum, which was indistinguishable from eggs laid by females with brk mutant clones in their follicle cell layer without dad over-expression, while other eggs still had a reduced operculum, the same as eggs laid by dad overexpressing females. The eggs with enlarged opercula presumably resulted from egg chambers with follicle cell clones mutant for brk. Loss of brk therefore appears to be sufficient to conteract the effects of down-regulation of the dpp pathway by dad. This result further indicates that dpp controls operculum formation at least in part through modulating the level of brk expression (Barrio and de Celis, 2004; Marty et al., 2000; Muller et al., 2003) .
In addition, we mis-expressed a UAS brk transgene simultaneously with an activated EGF receptor transgene, l-top, under the control of the CY2 GAL4 driver. Whereas the eggs produced by activated EGF receptor alone had a band of operculum-like follicle cell imprints all around the anterior (see also Queenan et al., 1997) , the presence of the brk transgene CA54 in their follicle cell layers. In (B), the dorsal appendages are replaced by an enlarged operculum, taking up half of the egg length. In (C), one dorsal appendage is normal, while the other one is replaced by the operculum. (D) Eggshell produced by females mosaic for br CJ89 in their follicle cell layers. The eggshell phenotype produced by br mosaic females is similar to the phenotype produced by brk mosaic female. The dorsal appendages are missing, and there are operculum-like imprints on the dorsal side. dapp, dorsal appendage(s). op, operculum resulted in the production of some dorsal appendage material in these eggs. This indicates that in addition to being absolutely required for dorsal appendage formation in wild type eggs, brk can also promote appendage formation in the activated EGF receptor background.
brk Clones down-regulate Broad Complex expression leading to operculum formation
The broad-complex (BR-C) locus encodes a group of differentially spliced zinc finger transcription factors ( DiBello et al., 1991; Emery et al., 1994) . Broad-Complex expression in the dorsal follicle cells was shown to be regulated by Dpp signaling (Deng and Bownes, 1997; Peri and Roth, 2000) , we therefore wanted to test whether it is a target of brk. A weak allelic combination of BR-C mutants laid eggs with reduced dorsal appendages, indicating that BR-C is required for dorsal appendage formation (Deng and Bownes, 1997; Tzolovsky et al., 1999) . Both the EGF receptor and the TGFb signaling pathways cooperate to specify the expression patterns of BR-C (Deng and Bownes, 1997; Peri and Roth, 2000; Tzolovsky et al., 1999) . In wild type egg chambers, BR-C expression is first detected in all follicle cells starting from stage 6. In stage 10a, BR-C is restricted to only the oocyte associated follicle cells. In stage 10b, BR-C is down-regulated in a T-shaped gap of follicle cells at the dorsal anterior of the oocyte, directly above the oocyte nucleus (Fig. 4 B-C) . In later stages, BR-C expression is diminished everywhere except for the future dorsal appendage cells (Deng and Bownes, 1997; Peri and Roth, 2000) . The T-shaped gap of BR-C downregulation during mid-oogenesis correlates with the size and the position of the operculum imprint of the eggshell (Deng and Bownes, 1997; Peri and Roth, 2000; Queenan et al., 1997) (Fig. 4A-F) . In our mosaic screen on the X chromosome, we also isolated 3 alleles of BR-C. When we induced follicle cell clones of these lethal alleles of BR-C, females laid eggs, which had no dorsal appendages, and instead, showed an enlarged operculum like imprint (Fig. 1D) . This suggests that downregulation of BR-C in dorsal follicle cells directs these cells toward operculum formation.
In brk mutant follicle cells clones, the early BR-C expression pattern is not affected (data not shown). However, in dorsal brk mutant clones at stage 10, the T-shaped gap of BR-C down-regulation is expanded, just as observed in egg chambers over-expressing Dpp (Fig. 4H-I ). This result shows that one role of brk in dorsal follicle cells is to counter-act Dpp signaling, and allow the normal up-regulation of BR-C in the dorso-lateral region.
Brinker mutant clones do not affect Dad-lacZ expression in oogenesis
In the wing imaginal disc and in the embryo, there are several established Dpp target genes that respond to the signaling in a graded fashion (Affolter et al., 2001; Ashe et al., 2000; Jazwinska et al., 1999a; Jazwinska et al., 1999b; Rusch and Levine, 1996) . Several of those genes are not expressed in the ovary (Deng and Bownes, 1997) . To study the downstream effect of brk mutant clones in the follicle cell layer, we examined the Dad-lacZ enhancer trap expression in wild type ovaries and in brk mutant clones. Daughters against dpp (dad) is an inhibitory Smad (Inoue et al., 1998; Tsuneizumi et al., 1997) . It is transcriptionally activated by TGFb signaling and functions in a feedback mechanism to inhibit the pathway. In the ovaries, the Dad-lacZ enhancer trap is expressed in the anterior cells, in particular, the Dpp expressing cells. In stage 8, it is expressed by approximately 30 cells at the anterior of the egg chamber. In stage 10b, it is expressed by the stretched cells, by the border cells and the centripetally migrating cells. Contrary to the wing imaginal disc (data not shown), loss of brk in the ovary, even by the most anterior rows of oocyte associated follicle cells, does not change the Dad-lacZ expression pattern (Fig. 5A-C) .
Since, Dad is an important regulator for Dpp signaling in many developmental systems, we checked to see whether Dad functions in the follicle cell layer to pattern the eggshell. We induced Dad mutant follicle cell clones and looked at the eggs laid by the females. Females with follicle cells mosaic for a mutant allele of Dad lay wild type looking eggs. We also analyzed the BR-C expression and brk enhancer trap expression in Dad mutant clones. Both markers appear to be normal (Fig. 5D-I ), indicating that dad is not playing a major role in repressing Dpp signaling in dorsal eggshell patterning, although our over-expression experiments described above showed that it can function in the follicle cells.
EGFR signaling affects brinker expression
The signaling between Grk and the EGF receptor sets up both the anterior-posterior and dorsal-ventral axes of the eggshell (Gonzalez-Reyes et al., 1995; Roth et al., 1995) . In the absence of early Grk signaling, the posterior follicle cells take on the default anterior fate and turn on the expression of anterior specific genes, such as Dpp (Gonzalez-Reyes et al., 1995; Peri and Roth, 2000) . In grk mutant egg chambers, the brk enhancer trap expression domain is greatly reduced to only a small zone of oocyte associated follicle cells positioned around the middle of the oocyte (Fig. 6B) . The reduction of brk enhancer trap expression at the posterior of those egg chambers is most likely due to the posterior Dpp expression in grk mutants. However, the enlarged region of non-brk expressing cells at the anterior of the oocyte strongly suggests that in the absence of EGF receptor activation, the domain of Dpp repression is expanded. In addition, in wild type egg chambers, there is a dorsal-ventral asymmetry in brk enhancer trap expression (Fig. 2I, Fig. 6A ). Starting from stage 10 of oogenesis, follicle cells on the dorsal side express brk enhancer trap about two to four cells more anteriorly than cells on the ventral side. The asymmetry is dependent on EGF receptor signaling. When EGF receptor mutant clones were induced on the lateral side of the egg chamber, brk enhancer trap expression was repressed several cell rows posteriorly to its normal boundary (Fig. 6F-H) . In mutant egg chambers where the dorsal-ventral asymmetry of EGF receptor signaling is abolished, such as in squid mutants, the dorsal-ventral asymmetry of brk enhancer trap expression was not observed (Fig. 2K) . Therefore, the brk enhancer trap expression is up-regulated in cells receiving high levels of EGF receptor signaling (Fig. 2K) . 
Discussion
Brinker expression is regulated by both the Dpp and the EGF receptor signaling pathways
TGFb signaling is required at two separate stages of egg chamber development. In the germarium, dpp is expressed by the cap cells and the inner sheath cells, where it plays an essential role in germline stem cell maintenance (Spradling et al., 2001; Spradling et al., 1997; Xie and Spradling, 1998; Xie and Spradling, 2000) . Glass bottom boat (gbb), another TGFb ligand, is expressed in the inner sheath cells. It is also required to maintain the germline stem cell fate (Song et al., 2004) . A second round of TGFß signaling begins at stage 8, when dpp is expressed in the anterior follicle cells. Dpp protein presumably forms an anterior to posterior gradient in the oocyte associated follicle cells. In the embryo and in imaginal disks, brinker acts as a negative regulator of Dpp signaling and it is expressed at the same stages and in the same tissues as Dpp, but with complementary patterns (Bray, 1999; Campbell and Tomlinson, 1999; Jazwinska et al., 1999a; Jazwinska et al., 1999b; Minami et al., 1999) . We found that in the ovary, brinker is only strongly expressed after stage 8, and not at earlier stages. However, it is possible that brinker is expressed at very low level in the germarium, where the first stage of dpp signaling occurs (Xie and Spradling, 1998; Xie and Spradling, 2000) .
After stage 8, brinker is expressed in most of the oocyte associated follicle cells. It is repressed by Dpp and forms an opposing, posterior to anterior, gradient at stage 9 of oogenesis, similar to what has been described for brinker expression in other tissues. It is not clear what initiates brk expression in the follicle cells. Interestingly, we found that brk expression is upregulated by EGF receptor signaling, since in a gurken mutant at stage 10, brk-lacZ accumulates at lower levels and shows a much wider band of dpp repression than what is observed in wild type. We also observed a dorso-ventral asymmetry in brklacZ expression in wild type ovaries. At earlier stages, Gurken signals to the posterior follicle cells and these posterior follicle cells begin to express posterior markers at stages 7 or 8 (Gonzalez-Reyes et al., 1995; Roth et al., 1995) . However, it is unlikely that EGF receptor signaling initiates brk expression at that stage, given that we see ectopic brk expression in anterior follicle cells and early stage egg chambers when Dpp signaling is disrupted. Therefore, some unknown signal operating in the egg chambers initiates brinker expression in the follicle cells. While TGFß signaling restricts brk's expression to the oocyte associated follicle cells beginning at stage 8, EGF receptor signaling permits brk expression to occur in the anterior rows of follicle cells that are close to the Dpp expression boundary.
Brinker is required for dorsal appendage formation
Combining data both from the brk-lacZ expression as well as brk RNA in situ hybridization experiments, we found that brk is expressed by both the dorsal appendage precursor cells and at least some of the operculum precursor cells in late stages of oogenesis. However, when we induced brk mutant clones in the female follicle cell layers, the dorsal appendages are absent and the operculum fates are expanded, indicating that only the dorsal appendage precursor cells require brk function. This is consistent with Brk's likely role in generally lowering the level of effective TGFß signaling. High levels of Dpp repress dorsal appendage fates, and our results show that brinker is absolutely required to reduce the levels of Dpp signaling such that the dorsal appendage fate can be assumed by the dorsal-lateral groups of follicle cells. While dorsal appendage specification requires Dpp signaling (Peri and Roth, 2000) , this cell fate is repressed by high levels of Dpp signaling, as well as by high levels of EGF receptor signaling (Deng and Bownes, 1997; Queenan et al., 1997; Twombly et al., 1996; Wasserman and Freeman, 1998) , consistent with a requirement of some negative regulators to maintain the graded response to either system.
The dorsal appendage fate requires expression of rhomboid and BR-C (Ward and Berg, 2005) . Those genes are regulated by both the EGF receptor signaling and by the Dpp signaling pathway (Deng and Bownes, 1997; Peri and Roth, 2000) . Brk mutant clones at the dorsal anterior of the oocyte lead to an enlarged domain of BR-C repression during mid-oogenesis. This phenotype is similar to that observed in egg chambers over-expressing dpp in the follicle cell layers.
While we did not observe any dorso-ventral asymmetry in dpp expression or phosphorylated Smad expression pattern, brinker is expressed more strongly in the dorsal follicle cells in a wild type background. This asymmetry is abolished in mutants that disrupt the EGF receptor signaling. These results suggest that brinker itself is regulated by both Dpp signaling as well as by EGF receptor signaling. EGF receptor activity enhances brk expression and thus indirectly counteracts Dpp activity. Dpp on the other hand represses brinker expression, initiating a positive feedback loop. As a result of these interactions, Brk lowers the effective levels of Dpp signaling in particular in the dorsal follicle cells at a short distance away from the source, thus restricting operculum formation and allowing dorsal appendage fates to be specified. Brinker is therefore acting at the intersection of the TGFß and the EGF receptor signaling pathways. It provides a fine tuning mechanism that allows complex patterning to occur in the anterior dorsal follicle cell epithelium.
Genetic requirements for operculum formation
Combining the results from our work with previously published observations allows us to conclude that both EGF receptor signaling and TGFß signaling are required for operculum and dorsal appendage formation. When Dpp is over-expressed, or when clones of brk are induced in the anterior follicle cell layer, the enlarged operculum is only observed at the dorsal side of the egg (Twombly et al., 1996) (Figs. 1B, C, 4D ). On the other hand, when activated EGF receptor is over-expressed in the follicle cell layer, the operculum is formed all along the anterior circumference, but fails to spread to the posterior of the egg (Queenan et al., 1997 ).
These results demonstrate that there is no absolute threshold level required for either pathway to promote operculum formation. Within certain limits, increased levels of either pathway can compensate for low levels of signaling through the other pathway and will drive the cells toward the operculum fate.
We also simultaneously expressed both the activated EGF receptor and brk transgenes using the CY2 Gal4 driver. Such females laid eggs with some dorsal appendage material at the anterior, compared to eggs with operculum-like imprints all around, as produced by flies over-expressing only the activated EGF receptor. This result is again consistent with the interpretation that the follicle cells at the dorsal anterior side of the oocyte are able to integrate the signaling levels from both pathways in a somewhat additive fashion. When EGF receptor activity is high in all follicle cells, operculum is formed around the anterior circumference, but dorsal appendages can be induced in this background, when elevated levels of brk simultaneously reduce Dpp pathway activity.
In summary, it appears that when the activation from both pathways reaches a cumulative threshold level, the follicle cells take on the operculum fate. This combined threshold level is normally achieved in a T shaped region at the dorsal anterior side of the wild type egg chamber, where either the Dpp or the EGF receptor pathway is maximally active, and where the other pathway is also functioning at appreciable levels. Overexpression of either pathway can drive cells to operculum fate, but down-regulation of the other pathway can partially restore dorsal appendage fates.
It is not known how the levels of signaling by the two pathways are added together in the follicle cells. The BR-C complex is one of the targets that respond to signals from both pathways. BR-C is up-regulated by EGF receptor signaling, but repressed when levels of either the EGF receptor signaling or the TGFß signaling is high. BR-C is required for dorsal appendage formation, and it is repressed to allow operculum formation. The repression of BR-C expression is not directly achieved by EGFR-MAPK activation, rather, it is mediated by pointed, an ETS domain transcription factor (Deng and Bownes, 1997; Morimoto et al., 1996) . While pointed has been shown to be activated by MAPK signaling (Brunner et al., 1994; Gabay et al., 1996; Morimoto et al., 1996) , it is not known whether it is also responding to the TGFß signaling pathway, or whether the combinatorial signals would induce an integration function, which then regulates the expression of pointed.
Previous studies have also identified bunched as a repressor for operculum formation. Bunched (bun) is a TSC-22 family protein. Females carrying weak allelic combinations of bun mutation lay eggs with operculum expanding both posteriorly and ventrally. Interestingly, like brk, the expression of bun is repressed by Dpp signaling and up-regulated by the EGF receptor signaling (Dobens et al., 1997; Dobens et al., 2000) . Using the bun 00255 insertion, we failed to detect any change in bun-lacZ expression in anterior brk follicle cell clones (data not shown). Although we cannot exclude the possibility that the bun 00255 insertion does not completely recapitulate the wild type bun expression pattern, this result suggests that bun might be working upstream of or in parallel to brk in regulating operculum formation.
While genes such as the BR-C transcription factors are directly involved in establishing dorsal appendage fates, it is not yet clear what genes would directly specify operculum fates. The repressors, such as pointed and argos, repress dorsal appendage fates in the operculum forming cells, but one would expect other genes to be actively promoting operculum fates. Once such genes are identified, it will be interesting to analyze their promoters and begin to understand how these genes integrate the inputs from both the Dpp and the EGF receptor signaling as well as the modulation by brinker.
Experimental procedures
X-chromosome mosaic screen
Males of the genotype y w FRT 19A were mutagenenized using EMS as previously described (Lewis and Bacher, 1968) , and crossed with FM7c balancer females. In the F1 generation, individual females were crossed with ; e22c-Gal4 UAS-FLP/C were put into laying blocks and allowed to lay eggs for 5-7 days. We collected all the unhatched eggs (100-200 per line), and mounted them in Hoyer's medium (Wieschaus and Nüsslein-Volhard, 1986) , allowing the eggshell and embryonic morphology to be observed under a compound microscope. Lines that produced interesting eggshell or embryonic phenotypes were kept and retested several times. Among the mutants isolated, we identified 3 alleles of BR-C, 2 alleles of raf, 2 alleles of csw, and 3 alleles of RanGTPase, as well as an allele of brk, brk CA54 .
Fly stocks
Stocks were obtained from the Bloomington stock center unless otherwise noted. brk CA54 FRT
19A
, br CJ89 FRT 19A were generated in this study. Other stocks used include: CY2-Gal4, UAS-ltop (Queenan et al., 1997) 
Clonal analysis
We used e22c-Gal4 UAS-FLP and GR1-Gal4 UAS-FLP (Duffy et al., 1998; Gupta and Schupbach, 2003; Pai et al., 2000; Xu and Rubin, 1993) to generate follicle cell clones mutant for brk, Mad, punt and dad. To produce brk mutant clones, we generated flies with the genotype brk ; GR1-Gal4 UASFlp/C. To produce punt mutant clones, we generated flies with the genotype brk-lacZ/C; e22c-Gal4 UAS-Flp/C; punt D61 FRT 82B /ubi-GFP FRT
82B
. To produce dad mutant clones, we generated flies with the genotype brk-lacZ/C; e22c-Gal4 UAS Flp/C; dad 271-68 FRT 82B /ubi-GFP FRT
. For Egfr and shn mutants, we used hs-FLP to generate clones. To produce Egfr mutant clones, we generated flies with the genotype brk-lacZ hs-flp/hs-flp; Egfr CO FRT 42D /ubi-GFP FRT
42D
. To produce shn mutant clones, we generated flies with the genotype brk-lacZ hs-flp/hs-flp; shn TD5 FRT 42D /ubi-GFP FRT
. Flies were heat shocked in a 37 8C incubator for 2-4 h, and dissected 36-48 h after heat shock. The clones were marked by the lack of GFP, which was observed directly after paraformaldehyde fixation under a fluorescence microscope.
To generate marked Dpp over-expression clones, we generated a strain carrying y w ActinOCD2OGal4/brk-lacZ hs-FLP; UAS-dpp/C; UAS-GFP/C. Flies were briefly heat shocked in a 37 8C water bath for 15 min, and dissected 24-48 h after heat shock. The dpp expressing clones were marked by GFP expression, which is also observed directly after fixation. To induce brk mutant clones in a dad over-expressing background, we generated a strain carrying brk CA54 FRT   19A   /FRT   19A ; UAS-dad/C; GR1 Gal4 UAS-FLP/C. Flies with the genotype FRT 19A /FM7c; UAS-dad/C; GR1 Gal4 UAS-FLP/C, which were generated in the same cross, were used as controls.
4.4. In situ Hybridizations, X-lgal staining and Immunocytochemistry RNA in situ hybridizations, X-gal staining and antibody staining were carried out as described (Ashburner, 1989; Neuman-Silberberg and Schupbach, 1996; Tautz and Pfeifle, 1989) . The brk RNA probe was made from brk EST, RE18244 (Drosophila Genomics Resource Center). We confirmed the specificity of the probe using OreR embryos. Rabbit IGG fraction against ß-galactosidase (ICN) or mouse monoclonal antibody against ß-galactosidase (Promega) were used at 1:1000. Monoclonal antibody against BR-C core was a gift from Dr Greg Guild, and was used at 1:100. Rabbit anti phosphorylatedSmad antibody was a gift from Dr Peter ten Dijke, and was used at 1:500. All secondary antibodies were purchased from Molecular Probes and used at 1:1000. Hoechst (Molecular Probes) was used at 1 mg/ml.
PCR Isolation of brk
CA54 genomic DNA brk CA54 hemizygous mutant embryos were selected based on lethality. DNA was isolated from individual embryo and PCR was performed (PuReTaqe, Amersham Biosciences) using primers 5 0 -GAGTGTGTGC-CAGTGTGTGTATGTG-3 0 and 5 0 -GCTGCTGTTGCTGATTGTTGG-3 0 .
The 601nt PCR product was sequenced (Genewiz) directly, and the sequence from the mutant chromosome was compared with parental chromosome y w FRT
19A
. One C to T mutation was detected at the 247th nucleotide of the brk coding sequence, creating a stop codon after the 82nd amino acid. Five individual embryos were sequenced, and all had the same mutation.
